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Abstract

Diamond is an attractive dynamic compression window for many reasons: high elastic limit,
large mechanical impedance, and broad transparency range. Natural diamonds, however, are
too expensive to be used in destructive experiments. Chemical vapor deposition techniques
are now able to produce large single-crystal windows, opening up many potential dynamic
compression applications. This project studied the behavior of synthetic diamond under
shock wave compression. The results suggest that synthetic diamond could be a useful
window in this field, though complete characterization proved elusive.
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CHAPTER 1

Introduction

Optical windows are an important component of dynamic compression research. Without
an appropriate window, measurements of opaque materials (e.g., metals) are restricted to the
free surface, where the stress is always zero. To maintain non-zero stress, the sample under
study must be covered with a well characterized, well behaved window material. In many
cases, the window’s operating range constrains the measurements that can be performed in
a dynamic compression experiment.

This report describes research into synthetic diamond as a dynamic compression win-
dow, a project spanning three years (FY 2006–2008) under the Sandia LDRD program.
The following sections describe the motivation and research activities for this project. The
organization of subsequent chapters in this report is also provided.

1.1 The need for diamond windows

A useful dynamic compression window is defined by three general requirements:

1. The material must be transparent.

2. The material must be easily understood and modeled.

3. The material must be sufficiently robust.

The precise meaning of each requirement is application specific, but there are several general
qualifications. Visible/near-infrared transparency is needed because optical velocimetry is
typically performed in this spectral range. Windows must also be free from phase transitions
and either be completely elastic (or overdriven into their plastic state) over some useful range.
Finally, window materials should tolerate their intended application. For example, sapphire
is a reasonable window for aqueous samples, but NaCl is not.

The above requirements are by no means the only considerations in the selection of
a dynamic compression window. Mechanical impedance (the product of density and wave
speed) is often a very important factor in experiment design; thermal conductivity is another.
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Since dynamic compression is typically destructive, material availability and cost are also
relevant.

Nearly all dynamic compression research is performed with the following windows: silica
(crystalline or amorphous), alumina (sapphire), and lithium fluoride. The two oxides are
typically used in their elastic domain (< 8 GPa and < 18 GPa, respectively), while lithium
fluoride is used in its plastic domain (1–150 GPa). Although lithium fluoride covers a wide
stress range, there are many circumstances where it is not a suitable window. At low stresses
(< 10 GPa), impure/misaligned lithium fluoride is not completely overdriven and has a
time dependent response [1, 2]. Lithium fluoride has a relatively low mechanical impedance
(comparable to aluminum), is not very stable to thermal stress, and is somewhat water
soluble. In most regards, sapphire is a much better dynamic compression window than
lithium fluoride, but is limited by inelastic deformation.

Diamond is an ideal window in many situations, but the high cost of natural diamond
prevents its use in dynamic compression research. However, diamond synthesis technologies
have reached a point where modest diamond crystals (≈ 1 mm thick) are generally feasi-
ble. This project was initiated to study the usefulness of synthetic diamond as a dynamic
compression window.

1.2 Project overview

The fundamental goal of this project is to determine the usefulness of synthetic diamond
as a dynamic compression window. The information needed to make this determination
includes the elastic limit, the mechanical response (Hugoniot), and the window correction (for
optical velocimetry). This information can be obtained from symmetric impact experiments,
where one diamond window strikes another window at a known velocity.

A crucial step in this study was obtaining sufficiently large diamonds for useful impact
experiments. Such diamonds were relatively scarce at the beginning of this project, and
the supply remains limited (though production capacity is increasing). In preparation for
the symmetric diamond experiments, cubic zirconia [3] was used as a surrogate material.
When sufficient amounts of diamond windows were on hand, characterization and impact
experiments began, following protocols developed for cubic zirconia.

Another important aspect of this project is the development of high speed velocimetry.
Previous studies of diamond [4] found that precise characterization of the elastic limit was
hampered by the diagnostic time resolution. Several approaches in this project were tried
to circumvent these limitations.

1.3 Chapter organization

The following chapters provide a comprehensive description of this project. Background
information about diamond and shock wave research is given in Chapter 2. Experiments
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completed during this project are described and analyzed in Chapter 3; less developed,
ongoing efforts are discussed in Chapter 4. A project summary and recommendations for
future work are given in Chapter 5
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CHAPTER 2

Background

This chapter provides background information relevant for this project. First, a summary
of previous shock wave studies of diamond is presented. Next, a brief survey of diamond
synthesis is given. Finally, the symmetric impact experiment, used extensively throughout
this project, is described.

2.1 Properties of diamond

Aside from the being the hardest known substance, diamond is an interesting and unique
material. Diamond has a fairly low density (3.51–3.52 g/cc) but a high acoustic wave speed
(∼ 17.5–18 km/s), so it’s mechanical impedance (62–63 GPa/(km/s)) is exceeds that of
tantalum (57 GPa/(km/s)) and gold (59 GPa/(km/s)). The elastic range of diamond exceeds
50–100 GPa (depending on orientation), much larger than any other known material.

Pure diamond (type IIa) can be used as a window throughout most of the visible, infrared,
and x-ray spectrum [5]. In the infrared, diamond has an intrinsic absorption band in range
of 2–6 µm, and the presence of nitrogen impurities leads to 6–12 µm absorption as well. The
ultraviolet absorption edge of diamond is 222 nm for ultrapure diamond, 291 nm for type Ia
diamond (which contains nitrogen impurities).

Other distinguishing properties of diamond include its chemical robustness and its re-
markable thermal conductivity. Unlike many infrared window materials, diamond is resistant
to most chemical reactions, although it can be made to oxidize at high temperature. Diamond
is also hydrophobic, whereas most insoluble window materials (i.e. oxides) are hydrophilic.
Diamond is also an exceptional thermal conductor (K > 1000 W/m·K), exceeding copper
and silver by a considerable margin.

2.2 Previous studies of shock compressed diamond

Diamond anvils are a standard component in static high-pressure research [6]. With the
proper design, diamond can be used as an anvil for pressures beyond 100 GPa [6,7]. Figure
2.1 illustrates the conceptual operation of a diamond anvil cell.
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Figure 2.1. Conceptual drawing of the diamond anvil cell
(from Reference 6).

In contrast, very little is known about the elastic behavior of diamond under shock com-
pression, largely due to the high cost of natural diamond crystals. The first comprehensive
study of diamond crystals under shock compression was made by Boteler and Gupta [8, 9].
This work focused on changes in the Raman spectrum of diamond crystals shocked along dif-
ferent orientations, along with some continuum modeling. The elastic Hugoniot of diamond
was predicted using finite strain theory (units of km/s).

Us = 17.55 + 0.5up 〈100〉 orientation (2.1)

Us = 18.33 + 1.7up 〈110〉 orientation (2.2)

Based on the reversibility of the Raman spectra during unloading, it appears that diamond
remains elastic to at least 40–45 GPa (higher stresses were not studied).

A previous Sandia LDRD [4] sought to investigate the mechanical properties of diamond
crystals under shock compression. Two-wave structure was observed when a shock was
propagated along 〈110〉 orientation, with an estimated elastic precursor of 90–100 GPa.
This value roughly corresponds to molecular dynamics simulations [10], which estimate the
elastic limit at 125± 15 GPa for the 〈100〉 orientation. Due to diagnostic limitations at that
time, VISAR (Velocity Interferometer System for Any Reflector) [11] measurements were
limited to 1–2 ns, making precise determination of the elastic limit impossible.
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2.3 Synthetic diamond crystals

Since dynamic compression experiments are typically destructive, a low cost alternative
to natural diamond is needed. Recent advances in diamond synthesis bring the possibility
of inexpensive diamond windows closer to reality. A brief overview of diamond synthesis is
presented here, along with the characterization of the diamonds used in this project.

2.3.1 Fabrication

Synthetic diamond has been available since mid-1950’s [12] in powder form for industrial
applications. Large, single-crystal synthetics are much more difficult to fabricate, and are
available in limited quantities. Two methods can be used to create large synthetic diamonds:
high pressure/high temperature (HPHT) processes and chemical vapor deposition (CVD).

HPHT diamond growth follows similar principles as industrial diamond synthesis [13]. A
carbon source (preferably industrial diamond) placed within a metal solvent inside a high-
pressure chamber exposed to a slight thermal gradient. The carbon source, located at the
highest temperature, dissolves into the metal solvent. A diamond seed, located at a lower
temperatures location, induces crystal growth as carbon precipitates out the solution. Three
carat diamond crystals1 using this approach [14], although the material tends be colored
(typically yellow) due to residual nitrogen impurities.

CVD diamond synthesis has traditionally been used to create thin (0.001-0.1 mm) dia-
mond coatings, but can be optimized to yield large, single-crystal windows oriented along
the 〈100〉 direction [15]. A low-pressure microwave plasma generated in chamber containing
methane (with small amounts of nitrogen or oxygen) deposits crystalline diamond at a rate
of 0.010–0.100 mm/hour. The process requires a crystal seed, which is cut away after growth
is complete. Unlike HPHT diamonds, CVD diamonds are nearly colorless.2 Diamonds up to
10 ct in size have been fabricated with CVD techniques [16].

To avoid optical absorption, the project used CVD diamonds rather than HPHT mate-
rials. Diamond windows were obtained from two suppliers, Apollo Diamond and Carnegie
DOE Alliance Center (CDAC), using similar (though proprietary) growth techniques. Figure
2.2 shows a photographs of windows obtained from both suppliers during the course of this
project. The windows were separated from the growth substrate and polished on both sides.
Initially, the windows were roughly rectangular in shape, with the outer layer covered in a
residual carbon layer. Over time, laser milling was used to shape the windows into a round,
uniform diameter.

1By definition, a 1 carat (ct) diamond weighs 200 mg. For comparison, a 5 mm diameter, 1.25 mm
thick plate (characteristic of this study) is about 0.43 ct. The ideal size for routine impact applications (1”
diameter, 1/4” thick) would be a 54 ct diamond!

2Trace amounts of nitrogen used to enhance the growth rate of CVD diamonds may leave a slight brown-
gray tint. High pressure, high temperature annealing can reduce these effects [15], but were not employed
in this work.
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Table 2.1. Wave speed measurements of 〈100〉 synthetic
diamond windows

vL (km/s) vT (km/s)
CDAC 17.56± 0.08 12.88± 0.04
Apollo 17.72± 0.16 12.91± 0.09
Boteler 17.53 12.83

2.3.2 Characterization

The limited size and residual carbon edges of the synthetic diamond windows made precise
sample characterization extremely difficult. Dimensional characterization was performed
with a Nikon NEXIV system (non-contact). These measurements revealed significant wedge
(0.2–0.3◦) in may of the initial pieces. Sample parallelism improved over time, but remained
a point of concern in target fabrication.

Continuum density measurements were not attempted in this project for two reasons.
First, the residual carbon boundary on many of the windows would contaminate the mea-
surement, both by having a different density than the bulk material and by trapping air
bubbles when submerged in a reference liquid. Second, the relatively small window mass
(< 100 mg) did not seem sufficient for precise density measurements.

Laue diffraction measurements were performed on a few diamond samples (AD11–AD19)
to confirm the 〈100〉 orientation. Figure 2.3 shows a representative diffraction pattern from
sample AD19. The samples appear to be nearly oriented along the 〈100〉 axis, but no
quantitative analysis was performed.

The longitudinal and transverse wave speeds of several synthetic diamond samples were
measured by ultrasound techniques. The average results for each material supplier are shown
in Table 2.1. Calculated wave speeds from Boteler [17] are also shown for comparison. The
the measurements agree within uncertainty, and deviate from previous studies by .1%.

2.4 Symmetric impact of optical windows

Symmetric impact experiments were the primary technique used in this project to study
the shock behavior of synthetic diamond. The conceptual layout of a symmetric impact
experiment is shown in Figure 2.4. In this experiment, impactor A is driven into an identical
target B at a velocity v. Upon impact, symmetric shock waves created in both materials
travel at velocity Us, while the interface between the impactor and target travels at velocity
u. Since the target material is transparent, the interface velocity can be measured with
optical interferometry, aided by an Al mirror deposited at this location.
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Figure 2.3. Laue diffraction pattern (25 keV) of diamond
sample AD19
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A B
v

U

u

velocimeter

velocimeter

Figure 2.4. Conceptual layout of a symmetric impact ex-
periment. The upper drawing shows the experiment just
prior to impact, while the lower shows the experiment just
after impact.

The benefits of window characterization by symmetric impact are twofold. First, the
experiment symmetry forces u = v/2, regardless of the mechanical response of the material.
Impact velocity can be measured to high precision (< 1%), so the interface velocity is well
known. Second, the shock transit time can be determined from a single optical diagnostic
with extremely high accuracy: sub-nanosecond uncertainties are easily achieved. With pre-
cise measurements of the target thickness, each symmetric impact experiment can yield a
high precision Hugoniot state. Furthermore, the window correction of the target material
can be determined at the same time.

The use of symmetric impact to characterize diamond builds upon several previous stud-
ies. The method has been used with VISAR to study quartz [18], sapphire [19] and lithium
fluoride [20]. As part of this project, similar techniques were used to characterize cubic
zirconia [3]. Symmetric impact experiments using Photonic Doppler Velocimetry (PDV)
measurements have also been applied to standard window materials (quartz, sapphire, and
lithium fluoride) [21]; techniques and analysis from that work are also implemented here.
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CHAPTER 3

Shock compression of synthetic diamond

The symmetric impact experiments described in this chapter form the bulk of this project.
The following sections describe various aspects of these experiments. First, details of the
sample/impactor construction and diagnostic setup are presented. Next, results from specific
experiments are discussed. Finally, the experimental results are collated and analyzed to
reveal the mechanical and optical behavior of shocked synthetic diamond.

3.1 Experiment overview

Table 3.1 summarizes the symmetric impact experiments performed in this study. All
experiments were performed on the STAR two-stage gun. Two synthetic diamond windows
were consumed in each experiment: one as the impactor, the other as the target. Construc-
tion details for both pieces are given below. VISAR or PDV diagnostics tracked the impact
surface between the two diamond windows.

For each experiment, targets and impactors were individually matched using windows
from the same material batch. Higher quality diamonds are needed for the impactors because
light passes through this material as part of the VISAR/PDV measurement. No definitive
protocol was developed, but targets were chosen to have higher clarity, parallelism, and shape
uniformity than the impactors. Targets and impactors with similar limiting diameters were
used to make optimal use of the limited material stock.

3.1.1 Target construction

All diamond targets in this work were completely coated on one side with Al. This coating
acted as the primary reflector in the VISAR/PDV measurements. Complete coating, rather
than a small (1-2 mm) spot, was used because of the difficulty in centering coating spots
on irregularly shaped windows.1 In experiments with VISAR diagnostics, an anti-reflective
coating (centered at 532 nm) was applied to the opposite side of the the diamond window;
anti-reflective coatings were not used for PDV measurements.

1Window irregularity was particularly problematic in the first two years of this project
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Table 3.1. Symmetric impact experiments using synthetic
diamond (〈100〉 orientation). For each diamond window, the
thickness and limiting diameter are listed in mm. The first
group of experiments used a fast VISAR diagnostics, while
the second group used PDV.

Experiment Impactor Target vimp (km/s)
SSD1 AD2

(0.890× 4.9)
AD1

(1.337× 4.7)
1.601

SSD2 AD3
(0.980× 4.0)

AD4
(1.094× 4.5)

1.503

SSD3 CD2
(1.245× 5.3)

CD1
(1.609× 6.9)

1.502

SSD6 AD12
(1.034× 4.6)

AD17
(1.151× 5.05)

1.691

SSD7 AD13
(0.915× 4.8)

AD18
(1.090× 5.00)

1.778

SSD8 AD14
(1.184× 4.8)

AD19
(1.145× 5.03)

1.594

SSD10 AD22
(1.199× 4.99)

AD23
(1.366× 4.98)

0.971
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0.250"

1.250"

target

probe

holder

vent 

hole

Figure 3.1. Target mount for symmetric impact experi-
ments

Many of the diamond windows, particularly in the beginning of this project, had a notice-
able wedge angle (0.1–0.5◦). Diamond targets were bonded to an aluminum mount, which
could be machined to compensate for wedge and guarantee normal impact. The design of
the mount evolved over time, but the basic concept is illustrated in Figure 3.1. The diamond
was held in a counter bore on one side of the mount, with optical access and vacuum venting
on the other side (the mount shown in Figure 3.1 holds a needle probe). The counter bore
was custom machined slightly larger than the diamond target, which was visually centered
and bonded into the counter bore. Once the bond was set, the mount was placed in a lathe
with the diamond facing away from the chuck. By bouncing light from a laser pointer off
of the exposed diamond surface, the mount was aligned with the rotation axis of the lathe.
An minor cut (0.001–0.002”) was made on the front of the mount to provide an alignment
surface for final assembly. The alignment surface of mount was verified to be parallel to the
diamond impact surface within 1–2 mrad.

To maintain impact centering, the target mount was slid into a centered hole of a target
plate on the two-stage gun. The target plate was centered with a precision madrel installed
in the barrel of the two-stage gun; the hole in target plate had precisely the same diameter
as the madrel, which was the same size as the barrel’s inner diameter. The target mount,
being slighly smaller than the hole, was wrapped in cellophane tape and pressed into the
target plate. The mount was pushed until the alignment surface (described above) contacted
a set of gauge blocks resting on the barrel of the two-stage gun. Using this approach, the
target was thought to be centered to better than 0.100 mm; impact tilt was in the range of
0.5–8 mrad, characteristic of two-stage gun in this operation mode. Though the mount is
held quite securely by friction with the target plate, five-minute epoxy was added the rear
surface to ensure that the mount remained fixed until impact.

3.1.2 Impactor construction

Diamond impactors were bonded to an aluminum disk to compensate for the wedge
angle. The disk itself had a shallow counter bore for centering, and was much smaller than
the target mount (≈ 12 mm outer diameter). Alignment cuts were made in a similar fashion
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as the target mount, except that the cut was made on the opposite side of the mount. The
impactor mount was held in the lathe check, diamond facing the spindle, with laser light
coming in and out of the spindle. After the alignment cut was complete, the impactor mount
was bonded into a centered counter bore on the final projectile of the two-stage gun.

3.1.3 Diagnostics

The terminal velocity of the projectile was determined with the Optical Beam Reflectance
(OBR) system of the two-stage gun. This system detects the passage of the projectile through
fixed intervals by an optical method accurate to about 0.1% [22].

The apparent velocity of the impact surface was determined with either a VISAR or
PDV measurement. VISAR measurements were made with a custom-built push-pull system.
This VISAR is conceptually similar to the STL fast VISAR operated at the Z/ZR facility,
though this is a single channel system, using un-amplified photodiodes and CW laser light.
A focusing probe from Oz Optics, held in an adjustable tilt/pan mount, was used in all
VISAR measurements. PDV measurements were made with an all fiber system from National
Security Technologies. Bare fiber probes (also provided by National Security Technologies)
were inserted directly into the target mount. The probes were angle polished to limit the
probe’s back reflection at -50 to -60 dB.

3.2 VISAR measurements

Three symmetric diamond experiments were performed using VISAR diagnostics. The
intent of these experiments was to obtain precision Hugoniot points and window correction
values for stresses on the upper end of previous shock work [9]. Since diamond has such a
large mechanical impedance, obtaining low pressure states turned out to be quite difficult
on the two-stage gun, which typically operates at 2–10 km/s.

3.2.1 Experiment SSD1

Experiment SSD1 was performed with two Apollo Diamond windows: AD2 (the im-
pactor) and AD1 (the target). The impact velocity in this experiment was 1601 km/s. The
VISAR system was configured with a fringe constant of 1075 km/s.

Figure 3.2 shows the VISAR measurement results from this experiment. At impact,
apparent velocity jumps to 1577± 11 m/s and there is loss of contrast. The impact state is
held for 74.8± 0.3 ns, until the shock reaches the target’s free surface. The negative velocity
observed after free surface breakout is an apparent velocity effect—the impact surface itself
does not actually turn around.

The constant velocity and contrast between impact and free surface release suggests that
the diamond target remained elastic in this experiment. There may be some structure in
the free surface release, but it is not clear if this is signal of wave splitting in the diamond
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target or launch/ringing of the anti-reflective coating.

3.2.2 Experiment SSD2

Experiment SSD1 was performed with two Apollo Diamond windows: AD3 (the im-
pactor) and AD4 (the target). The impact velocity in this experiment was 1503 km/s. The
VISAR system was configured with a fringe constant of 1825 km/s.

Figure 3.3 shows the VISAR measurement results from this experiment. At impact,
apparent velocity jumps to 1474 ± 16 m/s and there is loss of contrast. The impact state
is held for 59.5 ± 0.3 ns. As in the previous experiment, contrast remains constant as the
shock wave propagates through the diamond target. More release structure is evident in the
this experiment than in SSD1.

3.2.3 Experiment SSD3

Experiment SSD3 was performed with two CDAC windows: CD2 (the impactor) and
CD1 (the target). The impact velocity in this experiment was 1502 km/s. The VISAR
system was configured with a fringe constant of 1825 km/s.

Figure 3.4 shows the VISAR measurement results from this experiment. At impact,
apparent velocity jumps to 1462 ± 15 m/s and there is loss of contrast. The impact state
is held for 53.2± 0.3 ns. Unlike SSD1–SSD2, free surface release in this experiment is soon
followed by a strong apparent velocity jump.

3.2.4 Summary of VISAR measurements

Initially, the results from all three VISAR experiments seem to be generally similar:
apparent velocity jumps to a steady state, followed by an apparent velocity drop at the
beginning of free surface motion. However, if the shock velocity was similar in all three
experiments (≈ 18 km/s), then the free surface release should have occurred around t = 90
ns, not t = 53 ns. Furthermore, the apparent velocity after free surface release is substantially
more negative in SSD3 than in SSD2 or SSD3. However, the fact that all experiments show
relatively constant contrast during between the two events rules out substantial inelastic
effects.

A plausible explanation for the results of SSD3 is that the probe was pointed far from the
sample center. An unfortunate limitation of these experiments is the inability to accurately
see where the probe points. Instead, one can only move/orient the probe mount to optimize
light return. If the probe region were far off center, it is quite possible that velocity feature
after impact is not free surface release, but instead corresponds to lateral release (i.e., edge
wave). An attempted repeat of experiment SSD3 was cancelled due to a sudden signal
loss during setup. Later inspection found a laser burn near the sample edge, supporting
the idea that the probe may become grossly misaligned. In most experiment set ups, the
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probe is initially centered and aligned with the target’s central axis. Perhaps the angular
compensation needed to obtain maximum light return in a highly wedge sample steers the
probe spot too far off center?

Signal limitations are another problem with the fast VISAR measurement. Even when
running with maximum laser power (2–5 W), we were often unable to obtain more than 10–
20 mV signals, which is on the low end of fast digitizer sensitivity. Pushing more CW power
through fiber runs the risk of burning, which occurred several times during the experiment
set up. Because of these limitations, only one VISAR channel could be fielded at a time,
making redundant measurements with different fringe constants impossible.

3.3 PDV measurements

Later symmetric impact experiments used PDV rather than PDV for several reasons.
First, the signal limitations described in the last section could not be overcome without either
sacrificing time resolution (using photo-multiplier tubes) or synchronizing a pulsed laser
source with the two-stage gun.2 Another advantage of PDV measurements is that an anti-
reflective coating is not needed on the free surface—PDV can accommodate multiple Doppler
shifts where VISAR cannot. The removal of this coating eliminates potential complications,
such as ringing and/or coating launch, during free surface release.

3.3.1 Experiment SSD6

Experiment SSD6 was performed with two Apollo Diamond windows: AD12 (the im-
pactor) and AD17 (the target). The impact velocity for this experiment was 1.691 km/s,
somewhat higher than previous experiments due to a powder blend change in the first gun
stage.

Figure 3.5 shows the results from the PDV measurement in this experiment. The upper
plot is the raw signal data, with the time of impact and free surface motion indicated; the
transit time between these events is 62.1± 0.2 ns. The middle plot shows a time-frequency
analysis of the data, which is calculated via a short-time Fourier transform with a 15 ns
Gaussian window (padded to 2048 points, 1025 frequency bins); the DC level is subtracted
out before performing the transform, so periods of zero motion do not show up in the image.
An inverted linear grayscale is used in this image, so dark areas indicate strong spectral
features. The lower plot shows the average spectral profile for times between 10 and 50 ns
(indicated by dashed lines). The peak location, determined via Gaussian fit, is 1663±2 m/s.

The velocity jump after impact and the two strong features after free surface release can be
linked to the impact surface velocity, the free surface velocity, and the window correction [21].
The apparent velocity after impact is simply av, where a is the window correction (1.967 in

2While not impossible, synchronization with the two-stage gun is difficult since most triggering is done
after impact. The variation of velocity between shots (particularly below 2 km/s) make it very easy for lasers
trigger prior to impact to miss the event entirely.
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this spectrogram). For an elastic material, the features after free surface release should be
at (2a − 2)u (1635 m/s) and |2 − a|u (28 m/s). However, the free surface release features
in Figure 3.5 occur at 1529 and 212 m/s, which implies that the compression is not entirely
elastic. Inelastic behavior can also be inferred by the decrease in fringe amplitude after shock
impact; subsequent return of fringe amplitude is probably due to increasing probe efficiency
as the target moves closer to the bare fiber.

3.3.2 Experiment SSD7

Experiment SSD7 was performed with two Apollo Diamond windows: AD13 (the im-
pactor) and AD17 (the target). The impact velocity was 1.778 km/s.

Figure 3.6 shows the results for this experiment, analyzed in the same fashion as exper-
iment SSD6. After impact, there is a short lived feature near 1779 ± 22 m/s, visible for
only 10–15 ns before the sample becomes opaque. The sample remains opaque until free
surface release (59.5± 0.2 ns after impact), at which point the PDV tracks the free surface
motion. The motion of this surface is fairly complicated for about 50 ns, eventually setting
to a steady state near 1120 m/s. The total loss of light from the impact surface indicates the
diamond underwent substantial inelastic deformation, presumably followed by the formation
of optical scattering sites [23].

3.3.3 Experiment SSD8

Experiment SSD8 was performed with two Apollo Diamond windows: AD14 (the im-
pactor) and AD19 (the target). The impact velocity was 1.594 km/s.

Figure 3.7 shows the results for this experiment, analyzed in the same fashion as experi-
ment SSD6. After impact, the PDV signal indicates a steady apparent velocity of 1572.7±0.1
m/s for a duration of 62.8± 0.1 ns, at which point free surface motion begins. Applying the
same analysis described for experiment SSD6, the window correction is roughly 1.972, so the
free surface release features would occur at 1550 and 22 m/s. The actual free surface fea-
tures occur at 1506 and 68 m/s, which differs from the elastic calculation, though much less
so than in experiment SSD6. Slight decreases in the fringe amplitude during shock transit
confirm that the material is deforming inelastically. Since the signs of inelastic behavior are
subtle, it is quite likely that this experiment is slightly over the elastic limit.

3.3.4 Experiment SSD10

To study purely elastic compression states in diamond, a revised launch system was
devised for the two-stage gun. The first stage was circumvented by a compressed gas bottle,
which drove the second stage projectile directly. With this method, it was possible to obtain
velocities below 1 km/s, although the actual velocity was quite variable from shot to shot.
Two experiments not shown here (SS9 and SSD11) had extremely bizarre PDV data, with
considerable motion just prior (< 1000 ns) to high frequency fringing; projectile failure,
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with debris striking the target at multiple times, is a possible explanation. One experiment,
SSD10, was successfully performed in this non-standard configuration. The measured impact
velocity was 971 m/s.

Figure 3.8 shows the results for this experiment, analyzed in the same fashion as experi-
ment SSD6. After impact, the PDV signal indicates a steady apparent velocity of 970.9±0.8
m/s for a duration of 71.4± 0.1 ns ns, at which point free surface motion begins. Applying
analysis described in experiment SSD6, the window correction is roughly 2.000, so the free
surface release features would occur at 971 and 0 m/s. The actual free surface features occur
at 939 and 45 m/s, which still differs from the elastic calculation. This difference is some-
what surprising because the PDV fringe amplitude does not vary substantially. Furthermore,
the estimated stress (using Boteler’s model ) is 33 GPa, which is well within the region of
reversible compression [9].

3.3.5 Summary of PDV measurements

Four symmetric impact experiment were successfully performed with PDV measurements.
One experiment (SSD7) showed clear signs of inelastic deformation: the sample became
opaque after shock compression. Two other experiments (SSD6 and SSD8) showed more
subtle light light loss, and the predicted and measured velocity signatures after free surface
release were not consistent. However, a similar inconsistency was also found at much lower
pressures (SSD10, 33 GPa), where diamond is thought to be elastic.

3.4 Analysis and results

The shock compression behavior of synthetic diamond can be inferred from the VISAR
and PDV measurements described above. For the purposes of this project, only the elastic
range is of interest, since this is where synthetic diamond would be useful as a dynamic
compression window. To do this, the distinction between experiments containing elastic
and inelastic behavior is made. Next, the mechanical behavior in shocked diamond in the
elastic range is analyzed. Finally, the window corrections for diamond in the elastic range
are calculated.

Table 3.2 summarizes shock analysis of the successful symmetric impact experiments
(SSD3 is omitted from this list due to the un-physically large shock speed). The particle
velocity up is determined from the impact velocity and the experiment symmetry (up = v/2).
The shock velocity Us is calculated from the transit time, assuming a single shock wave in
the sample. Conservation of momentum:

P = ρ0Usup (3.1)

is used to determine the shock stress P . The apparent velocity u∗p is obtained from the
VISAR/PDV measurement.
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Table 3.2. Shock analysis of symmetric impact experiments

Experiment up (km/s) Us (km/s) P (GPa) u∗p (m/s)

SSD1 0.800± 0.002 17.87± 0.10 50.4± 0.3 1.577± 0.011
SSD2 0.751± 0.002 18.39± 0.13 48.6± 0.3 1.474± 0.016
SSD6 0.846± 0.002 18.53± 0.10 55.2± 0.3 1.663± 0.002
SSD7 0.889± 0.002 18.32± 0.10 57.3± 0.3 1.779± 0.022
SSD8 0.797± 0.002 18.23± 0.08 51.2± 0.3 1.573± 0.000
SSD10 0.485± 0.001 19.13± 0.07 32.7± 0.1 0.971± 0.001

3.4.1 The elastic domain

A key trait of elastic compression—when the diamond window remains transparent dur-
ing shock compression—is observed experiments SSD1, SSD2, and SSD10. SSD7 is a clear
example of inelastic compression because of the onset of opacity; SSD6 and SSD8 are prob-
ably inelastic as well, though less obviously so.

Inelastic behavior might also be inferred by comparing apparent velocities after free
surface release to estimates of an ideal, elastic material. For example, light reflected from
the impact surface will have an apparent velocity of:

u∗ = au− (a− 1)uS (3.2)

≈ (2− a)u (uS ≈ 2u)

after free surface release. This approximation is based on the idea that the free surface
launches at twice the in situ particle velocity upon release. Deviations from this approxima-
tion are seen in every experiment described in the previous two sections. The discrepancy
was pointed out directly in the PDV measurements, but can be seen directly in the VISAR
record as well whenever u∗ < 0. Negative apparent velocities can only occur when the
window correction exceeds 2, but such values are not consistent with the apparent velocity
before free surface release. The apparent contradiction may stem from inaccuracies in the
free surface velocity assumption, something that deserves further study in the future.

3.4.2 Mechanical behavior of shocked diamond

Using the sample thicknesses, transit times, and impact velocities, it is possible to infer
the Hugoniot state for each symmetric impact experiment. These values are displayed in
Table 3.2 and plotted in Figure 3.9. Point obtained with VISAR measurements are shown
with open circles, while points from PDV measurements are shown with open squares. For
comparison, the Hugoniot created by Boteler [9] is shown as well (dashed line).

No obvious trend emerges in the calculated Hugoniot states. Experiments that should be
completely elastic are far removed from Boteler’s model, while clearly inelastic experiments
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lie on the model Hugoniot. One interpretation is that all points to the right of 0.6 km/s
are inelastic states, leaving only a single elastic point and an intermediate discontinuity;
this interpretation requires a severe underestimate of the second order constants in Boteler’s
model.

Variation in the sample orientation is a possibility: perhaps the sample windows were
insufficiently close to 〈100〉 to maintain consistent shock behavior? Sample purity is another
variable to consider. Synthetic diamond typically retains 1–100 ppm of nitrogen, which is
used to enhance the CVD growth rate. Lithium fluoride shows tremendous elastic sensitivity
to impurities at the 100 ppm level [1], but the mechanical effects of residual nitrogen in
synthetic diamond is not known. Further study is needed to understand the mechanical
properties of synthetic diamond under shock compression.

3.4.3 Window correction

For a linear window material, the apparent velocity is proportional to the true velocity
by a wavelength specific factor [24]. Essentially, the slope of u∗p versus u (forced through
the origin) defines the window correction in this situation. Figure 3.10 applies better this
analysis to the four experiments thought to be elastic (SSD1, SSD2, SSD8, and SSD10). The
estimated window correction for synthetic diamond is 1.966 (532 nm) and 1.981 (1550 nm).
For comparison, the ambient refractive index of diamond [5] is 2.423 and 2.383 (respectively).
This difference between window correction and refractive index is not unexpected [3], and
results an increase of refractive index with density (dn/dρ > 0).
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CHAPTER 4

Ongoing research

Several areas of investigation launched during this project did not reach full completion.
Two topics in particular—reverse impact experiments and three-phase PDV measurements—
are described here in some detail. The reverse impact experiments revealed unexpected
behavior in the two-stage gun. Three-phase PDV measurements were planned for the sym-
metric impact experiments, but due to schedule delays, were not available in time for the
impact experiments. A new method for analyzing three-phase measurements was developed
to for this project, and this method may find broader utility in other velocimetry measure-
ments.

4.1 Alternate impact configurations

Several alternatives to symmetric impact were considered throughout this project. The
motivation for these alternatives was to reduce the amount of diamond consumed in each
shot, allowing more experiments to be performed (particularly near the elastic limit). Two
concepts are presented here, one of which was attempted experimentally.

4.1.1 Concepts

By replacing the diamond impactor with a known material (e.g., Al or Cu), one can infer
the impact state through impedance matching [25]. Though not as precise as symmetric
impact, impedance matching only requires a single diamond per experiment. Furthermore,
the use of other materials relaxes the centering tolerances on the projectile because the
impactor can be made much larger than the diamond sample.

The opposite of impedance matching, denoted here as reverse impact, was attempted
in this project. A diamond impactor was launched onto a lithium fluoride window, with
a VISAR diagnostic tracking the position of the impact surface. This configuration was
selected because it eliminated the optical effects of diamond and because the projectile
velocity could be increased to 2–3 km/s, where the two-stage gun is well behaved. A focusing
VISAR probe was used to track the motion of a 1 mm diameter Al mirror on a 2 mm thick
lithium fluoride window. No anti-reflective coating was needed in this measurement because
the LiF window was thicker than the diamond target (both in real and virtual terms) and
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had a much smaller free surface reflection.

4.1.2 Reverse impact trials

Several reverse impact attempts were made to study the shock behavior of synthetic
diamond. Apart from the larger size of the lithium fluoride target, the reverse impact exper-
iments were constructed in precisely the same fashion as the symmetric impact experiments
described in the previous chapter. A fixed cavity VISAR, built by the Special Technologies
Laboratory, was used in these experiments. Before each experiment, signal levels of 80–100
mV were obtained using un-amplified photodiodes. Due to the extremely high efficiency of
the fixed cavity VISAR, a 2 W continuous laser provided sufficient light for the measurement.

Two diamond experiments, SSD12 and SSD13, were performed in the reverse impact
configuration. In both cases, a dramatic loss of signal occurred at some point between
the launch of the primary projectile and impact. This loss took place long before impact
(at least 10 µs before), and is not related to reflectance changes that might occur during
impact. A subsequent test was performed with a tantalum impactor launched onto a LiF-
LiF stack, with the mirror confined between the windows. No dramatic intensity changes
were detected in this experiment, suggested that bare Al coatings may become degraded
prior to impact on the two-stage gun. The nature of this degradation is not understood,
but might be a result of gas blow-by around the secondary projectile, which abrades the
reflector off of the target. All symmetric impact experiments utilized a bare window, but
severe signal degradation was only observed in the reverse impact experiments, so the effect
may be tied to the lithium fluoride window. Apart from the target’s composition, the only
difference between the symmetric and reverse impact experiments is that the latter used a
small diameter reflector (1 mm) while the former was fully coated on one side.

Additional reverse impact experiments were postponed pending a better understanding
of how to avoid signal degradation. Protective buffers are an option, though not an ideal
solution because of the need for an epoxy bond. This bond can cause noticeable ringing in
the velocimetry measurement, and is to be avoided if at all possible. Another solution might
be to add a protective overcoat (such as 100 nm of silica) on top of the aluminum reflector.
Whether such an overcoat is sufficient to protect the mirror from degradation remains to be
seen.

4.2 Three-phase PDV measurements

Three-phase PDV measurements are a variation on standard PDV approaches to obtain
quadrature information. Although implemented entirely in optical fiber components, the
method is conceptually similar to the push-pull VISAR [26]. A three-phase PDV system
was constructed for this project, though was not ready for use in actual experiments due to
equipment failure. A brief overview of three-phase measurements is presented here, followed
by a new analysis method that is relevant to the study of synthetic diamond windows.
Finally, a hypothetical diamond experiment using the three-phase PDV is proposed.
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Figure 4.1. Conceptual layout for a three-phase PDV mea-
surement

4.2.1 General principles

Figure 4.1 shows the conceptual layout of a three phase PDV measurement. The critical
distinction between this layout and standard PDV is the use of a 3×3 coupler. The outputs of
this component are phase-shifted by approximately 120◦; the reason for this shift is described
in Reference 27. The signals can be reduced to a quadrature pair, Dx and Dy, which define
a set of perfect circles [28]. Much like VISAR measurements, the quadrature pair defines a
phase shift that reveals the target velocity [29].

The weakness of three-phase PDV measurements in this project is that the method is
optimally suited to single velocity measurements. Multiple velocities lead to a loss of contrast,
much like in a VISAR, making it difficult or even impossible to extract a fringe shift. For
the diamond measurements in this project, it is nearly impossible to avoid the presence of
multiple apparent velocities. Diamond has a large refractive index, so there is a substantial
free surface reflection (nearly 20%) for probes looking through this material. Since the
windows are fairly thin (≈ 1 mm),1 it is difficult to separate the Al coated impact surface
from the free surface. In fact, several round trips passages of light through the window can
be be observed, similar to what has been reported in other window studies using PDV [21].
Since standard quadrature reduction cannot readily handle multiple input signals, along with
cross-interference between these signals, a new reduction scheme is required.

4.2.2 Eliminating cross-interference

Consider a PDV measurement containing N optical signals, each with coherent intensity
In, from the target under study. After mixed with the reference light, the total intensity

1The large refractive index of diamond makes the virtual thickness smaller, so the two surfaces appear
closer together than they actually are.
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measured by the detector is:

I = IR +
∑

n

In + IE + 2
N∑

n=1

√
InIR cos ΦnR + 2

N∑
n=1

N∑
m=n+1

√
InIm cos Φnm (4.1)

where IR is the reference intensity, IE is the total incoherent emission from the target, and
Φ is the phase difference between two optical signals. The first sum is the interference
of each target signal with the reference signal, while the second summation accounts for
cross-interference between the different target signals. In general, it can be quite difficult to
separate these two classes of interference in time-frequency analysis [21].

Three-phase measurements can be used to eliminate some of complexity from a multiple
signal measurement. The phase shifts induced by the 3×3 coupler create phase shifts in the
interference between the two input sources (target and reference), but not within a single
source. As such, the signal measured by the k-th detector (k = 1..3) is:

Dk = akIR + bk

(
IE +

∑
n

In

)

+ 2
√
akbk

∑
n

√
IRIn cos(ΦnR − βk) + 2

√
akbk

N∑
n=1

N∑
m=n+1

√
InIm cos Φnm

(4.2)

where ak is the coupling between the reference input and the detector, bk is the coupling
between the target input and the detector, and βk is the phase shift from the 3× 3 coupler.
The signals can be normalized with respect to the static reference contribution; for AC
coupled measurements, the subtraction of akIR is not necessary.

D̂k ≡
Dk − akIR
akIR

b̂k ≡
bk
ak

Î ≡ I

IR

D̂k = b̂k

(
ÎE +

∑
n

În

)

+ 2

√
b̂k
∑

n

√
În cos(ΦnR − βk) + 2

√
b̂k

N∑
n=1

N∑
m=n+1

√
ÎnÎm cos Φnm

(4.3)

For single velocity measurements, the three signals can be combined to eliminate the effects
of time dependent target intensity [28]. An similar approach can be used to eliminate cross-
interference.

To eliminate cross-interference, consider scaled differences between the normalized sig-
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nals, using the convention that D2 leads D1 by β+ and D3 lags D1 by β−.

Q2 ≡
D̂2√
b̂2

− D̂1√
b̂1

(4.4)

=

(√
b̂2 −

√
b̂1

)(
ÎE +

∑
n

În

)
+ 2

∑
n

√
În [(cos β+ − 1) cos ΦnR − sin β+ sin ΦnR]

Q3 ≡
D̂3√
b̂3

− D̂1√
b̂1

(4.5)

=

(√
b̂3 −

√
b̂1

)(
ÎE +

∑
n

În

)
+ 2

∑
n

√
În [(cos β− − 1) cos ΦnR + sin β− sin ΦnR]

The parameters needed for these constructions may be obtained from beam-block measure-
ments, and depend entirely on the operation of the 3 × 3 coupler. Quadrature signals can
be obtained from combinations of Q2 and Q3.

Dx ≡ sin β− Q2 + sin β+ Q3 =
∑

k

gkD̂k

= A

(
ÎE +

∑
n

În

)
+ C

∑
n

√
În cos ΦnR (4.6)

Dy ≡ −(cos β− − 1)Q2 + (cos β+ − 1)Q3 =
∑

k

hkD̂k

= B

(
ÎE +

∑
n

În

)
+ C

∑
n

√
În sin ΦnR (4.7)

A = sin β−

(√
b̂2 −

√
b̂1

)
+ sin β+

(√
b̂3 −

√
b̂1

)
B = (1− cos β−)

(√
b̂2 −

√
b̂1

)
+ (cos β+ − 1)

(√
b̂3 −

√
b̂1

)
C = 2 [sin β−(cos β+ − 1) + sin β+(cos β− − 1)]

The summation weights for the quadrature function are as follows.

g1 = −sin β− + sin β+√
b̂1

g2 =
sin β−√

b̂2

g3 =
sin β+√

b̂3

h1 =
(cos β− − 1)− (cos β+ − 1)√

b̂1

h2 =
−(cos β− − 1)√

b̂2

h3 =
(cos β+ − 1)√

b̂3

For an ideal 3× 3 coupler, both phase shifts are precisely 120◦ and b̂k = 1, which leads to a
simple quadrature reduction.

Dx = 2D̂1 + D̂2 + D̂3

Dy =
√

3
(
D̂2 − D̂3

) (ideal)
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This form of quadrature reduction is equivalent to single velocity reduction in the ideal
case [28] after sign inversion of signals D2 and D3. In general, the actual values of gk and
hk might be needed to properly balance the quadrature signals, but the ideal form might be
suitable in many cases since arctangent inversion is not used.

To understand the utility of quadrature reduction in this setting, note that the constants
A and B are much smaller than C; for ideal coupler, A and B are both zero while C = 3

√
3.

As a result, the non-interfering portions of Equations 4.6 and 4.7 drop out.

Dx = C
∑

n

√
În cos ΦnR (4.8)

Dy = C
∑

n

√
În sin ΦnR (4.9)

The above statements are approximately true for a non-ideal coupler if the reference in-
tensity is larger than the total light received from the target (coherent and incoherent).
Therefore, this form of quadrature reduction separates target-reference interference from
cross-interference and removes baseline variations. The two signals can be further combined
into an imaginary signal:

D̃ ≡ −iDx +Dy = −iC
∑

n

√
Îne

−iΦnR , (4.10)

which as a real Fourier transform. At the very least, this process reduces the number of
Fourier transforms needed in time-frequency analysis, and could improve the signal-noise
ratio somewhat (as compared to single channel analysis). Whether a particular form of
time-frequency analysis could capitalize on the transform properties of D̃ remains to be
seen.

An important consideration in quadrature reduction is the possible amplification of signal
noise. If the normalized signal error is δD̂, then signal-noise ratio on one signal is:

ρ1 =
∆D̂1

δD̂
=

4
√
În

δD̂
(4.11)

where
√
În is the weight of single coherent term. Applying similar analysis to quadrature

signals, assuming a perfect 3× 3 coupler, yields a similar result.

ρx =
∆D̂x

δDx

=
2 · 2
√

3
√
În√

6 δD̂
=

3
√

2

4
ρ1 (4.12)

Quadrature reduction therefore has slightly better (about 6%) signal-noise than the original
data signals. Combining the two quadrature signals into a complex-valued signal might
further reduce noise effects, the precise effect is not obvious. At the very least, separate time-
frequency analysis of the quadrature signals could be averaged to improve noise performance.
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Figure 4.2. Multi-layer PDV measurement concept

4.2.3 Multi-layer PDV measurements in diamond

A potential application of revised quadrature analysis is illustrated in Figure 4.2. In this
experiment, multiple material layers (A, B, and C) are bonded together. An impact plate
(ideally diamond itself) is launched onto the first sample, generating a shock wave. As the
wave propagates through the sample, reflectors deposited at each material interface begin
are accelerated. By varying the reflector diameter between layers (or using offset mirror
sections), it is possible to track the motion of each interface with a single PDV probe.

Analysis of a conventional PDV measurement would be extremely complicated due to the
cross-interference between different material layers. Revised quadrature reduction, however,
would simplify this process tremendously.

43



44



CHAPTER 5

Summary

The overall goal of this project was to determine whether synthetic diamond could be
used as a dynamic compression window. Based on the results thus far, diamond might be
useful in many circumstances, but several important questions remains unanswered. The
following sections summarize the project results, describe some of the ongoing efforts related
to this project, and provide recommendations for future work in this area.

5.1 Project summary

Symmetric impact experiments were used to characterize the shock response of synthetic
diamond. Velocimetry (VISAR and PDV) measurement probed the wave transit in diamond
during the experiments, and provided information about the material’s optical properties.
A range of impact velocities were obtained with standard and non-standard configurations
of the STAR two-stage gun.

A few impact experiments show clear signs of inelastic behavior, indicating areas where
diamond would not be a useful window material. For the 〈100〉 orientation, the upper useful
limit is below 57 GPa, possibly as low as 51 GPa. Qualitative elastic behavior is observed
in several VISAR and PDV measurements at lower stresses, but no consistent Hugoniot
emerges from this data. Furthermore, subtle details of the free surface release suggest non-
elastic behavior in the seemingly elastic experiments. Release state inconsistencies may stem
from an inappropriate approximation in the calculated apparent velocity.

The window correction for synthetic diamond is just under 2 (1.966 at 532 nm, 1.981
at 1550 nm). These values are larger than the corrections for any other dynamic window
material.

5.2 Ongoing work

Reverse impact experiments, where diamond is launched into a lithium fluoride window,
were tried to reduce the amount of diamond consumed in each shot. Catastrophic light loss
during projectile launch was observed in each reverse impact attempt. It was determined
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that this loss comes long before impact, and is tied to the use of an exposed target mirror;
when this mirror was covered with a buffer, the effect disappeared. Neither the mechanism
nor a universal solution to this problem has been identified.

A three-phase PDV system was constructed for use in this project, but due to equipment
failures was not used in the experiments. However, a new quadrature reduction scheme was
developed to optimally use three-phase PDV in multiple velocity measurements.

5.3 Recommendations for future work

Since synthetic diamond has a tremendous potential as a window for shock and ramp
wave compression experiments, further study of this material is clearly warranted. Based on
the results of this work, future studies should consider the following issues.

• Sample dimensions
A significant problem in this project was the limited size, parallelism, and shape of the
diamond samples. Over time, the situation has improved, though larger samples (6–12
mm diameter) would to reduce impact centering requirements.

• Sample purity, treatment, and characterization
As synthetic diamond becomes more common, standard purity and quality tolerances
should be established for dynamic compression windows. Guidelines for the use of high
pressure, high temperature annealing treatments (if any) should also be defined.

• Probe design and alignment
In at least one experiment of this project, the velocimetry probe pointed far from the
sample center. A robust probe design is needed to ensure the proper probe centering.
Tilt compensation might also be needed for PDV probes, where the fiber is angle
polished.

• Controlled impactor launch below 1.5 km/s
Modest velocities (0.50–1.00 km/s) are needed to study the elastic behavior of diamond
using symmetric impact. However, it is crucial that the projectile remain precisely
centered (< 0.100 mm) during the experiment. At the same time, the launcher must
not degrade exposed mirrors on the target’s impact surface. No existing launcher at
Sandia routinely achieve all of these conditions.

The issue of sample size may be the most important of these recommendations because it
affects most of the other issues. With larger diamond samples, the experiment and diagnostic
design tolerances could be relaxed.

In the near term, significant progress could be made by focusing experiments in below
40 GPa, where 〈100〉 diamond is thought to be elastic. Impedance matching experiments,
using large aluminum, copper, or even sapphire impactors, might be the best approach for
pinning down the elastic properties of synthetic diamond.
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